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Abstract

biological activity.

Plastic particles are pervasive across all environments, yet quantifying their total abundance remains challenging—
especially for nanoplastics, which are problematic to separate and detect efficiently. This challenge is further
exacerbated by the heterogeneous nature of environmental nanoplastics, making it difficult to determine their
biological impacts. Despite these limitations, correlational studies implicate that nanoplastics may pose potential
health concerns for both wildlife and humans. Metrological reference materials can be used to address this gap;
these standardized plastics enable validation of detection technologies and support biological investigations.
One such material has recently been made available (NPPP-1, National Research Council of Canada) with more

to follow in the future. These materials are produced using ultrashort laser pulses for laser ablation, a versatile
approach for the high-throughput production of nanoplastics. The resulting nanoplastics resemble those found in
the environment, exhibiting heterogeneous sizes and shapes, as well as modified chemical fingerprints associated
with environmental weathering, while remaining stable in different media, allowing their use in biological and
ecotoxicology testing. In both two-dimensional cell culture and three-dimensional organoid models, nanoplastics
are shown to have limited effects on cell viability at relatively high number concentrations while activating
inflammatory pathways in biological systems. Taken together, it is demonstrated that nanoscale plastics produced
using ultrashort laser ablation are fit for purpose for both validating quantification methods and assessing

Keywords Nanoplastics, Laser ablation, Reference materials, Nanotoxicity, Nanometrology

Introduction

Plastic pollution is a growing global health concern, with
micro- and nanoplastics (MNPs) detected in every envi-
ronment on the planet, as well as in many living creatures
[1-3]. Human exposure to MNPs can occur through
water, food and even air. While some MNPs are primary
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in nature, that is, they are specifically manufactured at
that size, a key source of MNPs is the fragmentation and
weathering of macroplastics in the environment through
abrasion, exposure to UV radiation and biological deg-
radation [4—8]. These weathered materials become
heterogeneous in terms of size, surface chemistry, and
distribution, making it challenging to classify them and
determine their biological impacts [9-12]. This is further
complicated when considering the association of MNPs
with other chemicals, such as heavy metals, which can
alter their potential toxicity and behavior in the envi-
ronment [13, 14]. To address the challenge of detect-
ing and classifying MNPs, substantial efforts have been

© Crown 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are

included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s43591-025-00157-2
http://crossmark.crossref.org/dialog/?doi=10.1186/s43591-025-00157-2&domain=pdf&date_stamp=2025-11-13

Pegoraro et al. Microplastics and Nanoplastics (2026) 6:1

made to develop tools for identifying MNPs in different
environments [15-17]. The detection and classification
of nanoplastics is a particularly pressing problem, given
that they can cross biological barriers and enter cells and
tissues [18—20]. While there is agreement that nanoplas-
tics pose a societal concern [21, 22], there remain chal-
lenges in determining how they should be regulated. As
an example, there is a lack of clarity on how to classify
nanoplastics as a subset of MNPs [23-27]. Many regu-
latory bodies classify nanoscale materials as having at
least one dimension in the 1 —100 nm size range [28,
29]. However, for concerns regarding human health, this
upper bound can be extended to 1000 nm [29]. For this
and other reasons, many argue that nanoplastics should
be defined as 1 —1000 nm in size even if that falls outside
the defined range of nanoscale materials [23, 30]. Beyond
concerns regarding classification, there are also meth-
odological challenges in quantifying nanoplastic content
and its biological impact, hindering regulatory develop-
ment [31-33].

One method of addressing these concerns is the devel-
opment of model nanoplastics, which reproduce the
properties of plastic found in the environment and can be
used as reference materials (RMs). These materials should
be sufficiently homogenous and stable for detection limit
determination of different techniques, allow for the vali-
dation of measurement methods and enable independent
evaluation of the health effects of nanoplastics on living
organisms [4—6]. Ideally, such materials will capture key
properties of plastics found in the environment: hetero-
geneous in size, varied in shape, altered chemistry due
to weathering and derived from macroplastics. Further-
more, for use in biological testing, these materials should
be stable in a range of solutions and free of other poten-
tial contaminants such as surfactants, adhered pollutants
or additives, which can leach out of the plastics. Finally,
these materials should be available in sufficient quan-
tity to allow for repeated experimentation across differ-
ent organisms and detection technologies so that results
can be independently validated. Several efforts have been
made previously to address this issue [4—6]. For example,
different studies have synthesized nanoparticles for batch
fabrication [34—38]; however, the relative homogeneity of
the final product and the presence of surfactants in some
approaches make it unclear if these materials will mimic
the biological effects of environmental plastics [39]. Sev-
eral simulated weathering approaches have also been
used as an alternative to synthesis [5, 40, 41]. Mechanical
degradation using processors/blenders and cryo-milling
can be employed to fabricate nanoplastics [42-46] in
limited quantities at small particle sizes or batch quanti-
ties at larger particle sizes; however, contamination from
the metals used may be a concern. Accelerated aging
using UV exposure, heat, sonication, or a combination
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of those techniques also produces sub-micron plastics
[40, 41, 47-49]; however, it cannot reach the smallest
size ranges of nanoplastics or produce scalable quanti-
ties. Laser ablation using high-energy UV pulsed lasers
generates a wide range of particle sizes when the mate-
rial is simultaneously ionized and melted; these materials
can be subsequently filtered to recover nanoplastics [50,
51]. This type of laser ablation can result in a significant
heat affected zone and thermal alteration to the surface,
limiting the ability to produce particles continuously
without constantly renewing the sample, presenting chal-
lenges for high throughput production. Additionally, the
UV laser can be absorbed by the nanoparticles in solu-
tion, potentially leading to subsequent degradation of
the material. A lack of reliable nanoplastic RMs remains,
hindering researchers’ widespread access to validate
detection technologies and assess the biological effects of
nanoplastic exposure.

Here, we demonstrate a new technique for the fabrica-
tion of nanoplastics from different macroplastics, which
produces large quantities of stable, reproducible particles
that allow us to test the effects of nanoscale plastic expo-
sure on biological systems. To generate nanoplastics,
we utilize an ultrashort laser to perform cold ablation
on a bulk plastic, which deposits minimal heat into the
sample and thus does not substantially melt the under-
lying material [52—-54]. This approach is remarkably flex-
ible, allowing for the fabrication of different nanoplastics
from a range of plastic source materials without changes
to the overall setup. We demonstrate the production of
nanoscale polypropylene (PP), high-density polyethylene
(HDPE) and polyethylene terephthalate (PET), demon-
strating the versatility of this approach. We find that the
produced material is heterogeneous in size and shape
distribution, spanning a range from a few nanometers
to 100s of nm. The produced particles exhibit chemical
alterations, including oxidation patterns similar to those
observed in weathered environmental plastics. Impor-
tantly, we find that the materials are stable in water and
cell media, allowing their use in biological screening. To
evaluate the applicability of laser ablated nanoplastics in
biological assays and to examine their potential cellular
and organoids responses, we exposed cultured cells and
model organoids to these materials. The results indicate
pro-inflammatory responses and apoptosis at high con-
centrations. The nanoscale PP described here is available
to others as an RM [55] with the HDPE and PET to be
made available in the future.

Results

Fabrication

Laser ablation of dielectrics using femtosecond lasers
typically proceeds via multiphoton ionization [52-54].
Here, we use a 1030 nm, 200 fs laser with an average
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power of 1.4 W, operating at a repetition rate of 200 kHz.
The laser is focused to a diameter of approximately 25
um, giving a peak intensity at the focus of ~ 7 TW/cm?
(see Fig. 1a and Methods for additional details). Because
multiphoton processes only occur at regions of high
instantaneous intensity, ablation and material modifica-
tion are largely confined to the focal volume in all three
dimensions. Material is only removed within the focal
volume and by raster scanning the focus, it is possible to
continuously remove new material. The long wavelength
used here is not directly absorbed by the material being
ablated. Taken together, these effects substantially reduce
the heat deposited into the material, reducing the heat
affected zone of the laser [52—54]. This is in contrast to
laser ablation using nanosecond lasers where an extensive
heat affected zone can be generated and the surrounding
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material significantly modified in terms of its structural
and chemical properties. We note that in plastics that
have lower band gaps, that are nonetheless far from the
linear absorption regime, the rate of material removal
can be markedly higher. To increase throughput and fur-
ther reduce the effects of potential heat damage, the laser
is scanned continuously during ablation with a 50% over-
lap between subsequent laser pulses. To facilitate large-
batch collection, the sample is translated along the focal
axis, allowing new material to be continuously exposed
to the ablation process. The material was typically ablated
over the course of 72 h, with all particles collected into
500 mL of continuously circulating milli-Q water using a
peristaltic pump. After 72 h, the rate of ablation slowed,
likely due to the high concentration of nanoplastics in the
circulating water, which can alter the focusing conditions
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Fig. 1 Nanoplastic fabrication and chemical characterization. (a) Nanoplastics are formed using cold-ablation with a femtosecond laser. The laser is
raster-scanned across the surface and material collected into water. (b) Comparison of IR spectrum of PP samples from original source material (black),
spectrum from FLOPP-e database (red) and laser ablated material (blue) For ease of comparison, the bands at 2840 cm™, 2920 cm™, and 2950 cm™ have
been identified with vertical lines. (c) Comparison of IR spectrum of HDPE samples from original source material (black), spectrum from FLOPP-e data-
base (red) and laser ablated material (blue) (d) Comparison of IR spectrum of PET samples from original source material (black), spectrum from FLOPP-e
database (red) and laser ablated material (blue)
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of the laser. Given ablation is confined to only the focal
volume of the laser, we do not expect that the circulating
plastics in solution are degraded by passing the infrared
beam. After ablation, the solution was filtered using a 2.7
um glass microfiber filter and stored in a glass container
at (2 to 5) °C. Under these conditions, it was possible to
fabricate the plastics required for the physical, chemical
and biological experiments reported here in approxi-
mately 1 week with a yield of ~ 60 mg of nanoscale plastic
per week [55].

Chemical characterization
As plastic weathers in the environment, it can undergo
chemical changes, with an increase in oxidation being
a notable alteration [47, 56]. Previous efforts using UV
laser ablation have demonstrated the presence of oxygen-
rich groups on the surface of the particles after ablation
[50]. To assess whether the nanoplastics produced here
demonstrate similar shifts in chemical signature while
remaining identifiable as plastic, we use infrared (IR)
spectroscopy and microscopy. Attenuated total reflec-
tance (ATR) Fourier transform infrared (FTIR) spec-
troscopy was used to measure IR absorption spectra of
bulk plastic pre-laser ablation. Additionally, we used
transmission FTIR spectroscopy of films of nanoplastic
particles deposited onto silicon substrates. As a point of
comparison, we used environmental FTIR spectra from
the FLOPP-e database as a reference weathered spec-
trum for each material [57]. In all cases, we see evidence
that weathering and laser ablation alter the chemical
signature of the plastics formed, as shown in Fig. 1b-d.
Specifically, we find evidence of increased oxidation and
bond breaking. For example, when comparing the bulk
unmodified PP samples to the laser-ablated and weath-
ered PP (“PP1” in the FLOPP-e database [57]), we find
that while the main characteristic chemical signatures of
PP remain, there is a relative decrease in strength of the
IR peaks at 2840 cm™ and 2920 cm™, which are associ-
ated with CH, groups when compared to the mode at
2950 cm™ associated with CH, groups. Additionally,
we note the appearance of a new peak centered around
1725 cm™ (see Fig. 1b). These changes are consistent with
bond breaking due to ionization and the formation of
carbonyl groups during oxidation; interestingly, the peak
at 1725 cm’! has been previously used to estimate the
degree of weathering in environmental samples [58, 59].
It is notable that the carbonyl peak is strongest for the
generated nanoplastics; given that previous reports have
suggested carbonyl groups can form on the surface of the
nanoplastics [50], these results are consistent with a sub-
stantial increase in surface area of the plastics generated.
We also find evidence of oxidation in the IR spectrum
of HDPE, with both laser ablated and weathered mate-
rial (“PE1” in the FLOPP-e database [57]) having a peak
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around 1725 cm’}, which is absent in the pristine sample
(see Fig. 1c). Without a strong independent signal from
CH, groups at 2950 cm’, it is not possible to measure
the relative change in the strength of the peaks associated
with CH,, groups in the processed HDPE samples versus
the pristine ones. Nonetheless, there is a variation across
the samples in the relative strength of the 2850 cm™
peak compared to the peak at 2920 cm™’. We find that
in the weathered samples, the 2850 cm™ peak is stron-
ger, whereas it decreases with laser ablation compared to
the untreated sample. Given the weathered material was
waste and has an unknown origin, it is possible that this
difference could be due to the initial formulation of the
material.

The evidence of oxidation in the laser-ablated PET
samples is more ambiguous than for PP and HDPE, given
that PET has carbonyl moieties as initially formulated;
this is consistent with previous research, which has noted
there are relatively minor changes in the FTIR spec-
trum of weathered PET unless a high degree aging has
occurred [60-62]. Nonetheless, it is possible to compare
relative changes across the spectrum (Fig. 1d). Note that
we have used an environmental FTIR spectrum, “PET22”
from the FLOPP-e database as a reference [57]. We find
the peaks at 1100 cm™ and 1245 cm™, corresponding to
aromatic ester stretches, appear to be less altered during
ablation compared to the CH, peak at 735 cm™, which
decreases. We also observe that the carbonyl peak at
1725 cm™! broadens, a change which has previously been
associated with aging in PET [62]. These changes are
consistent with those observed for PP and with previous
findings on PET nanoplastics [50], suggesting the forma-
tion of carbonyl groups on the surface of nanoplastics
during oxidation.

Physical morphology characterization

With the chemical identity of the different nanoplas-
tics confirmed to be preserved during the laser ablation
process, we characterized the particle size distributions
(PSDs). For nanoparticles, numerous sizing techniques
are available, offering complementary information about
the samples. While different techniques yield consistent
size results for monodispersed samples, polydispersity
can present challenges when attempting to determine the
PSD and number concentration of nanoparticle disper-
sions [63—67]. To better characterize the size and shape
of the particles, we employed a multimodal approach
using dynamic light scattering (DLS), nanoparticle track-
ing analysis (NTA) and atomic force microscopy (AFM).
Both light scattering techniques (DLS and NTA) show a
decreased detection efficiency for the smallest particles
in polydisperse samples due to differential scattering
cross-sections, which makes it challenging to fully deter-
mine the PSD. For AFM, accurately measuring particle
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concentration and determining stability in different dis-
persions is challenging. Only by comparing and contrast-
ing the different techniques can we characterize samples
with a high degree of polydispersity.

As anticipated, the intensity-weighted PSD recorded
using DLS exhibits evidence of substantial polydispersity
(see Fig. 2a for PP, for HDPE and PET, see Supporting
Figure S1la and S2a). For example, the PP sample displays
a single peak with a mean particle diameter of (269+12)
nm and a distribution standard deviation of (162 +17)
nm, indicating a broad size range. Similarly, the mean
particle diameter and distribution standard deviation are
(260+21) nm and (159 + 35) nm for HDPE, and (217 + 32)
nm and (108 + 19) nm for PET. These results confirm that
the short pulse laser-generated plastics are nanoscale and
heterogeneous in lateral size, as desired for use as an RM
modeling environmental plastic.

The high degree of polydispersity makes it challeng-
ing to directly convert DLS generated intensity-weighted
PSDs to number-weighted PSDs, especially if the shape
factor is unknown [67]. To mitigate this difficulty, the dis-
persions were also analyzed using NTA, which provides a
number-weighted PSD and complementary information
on number concentration. Analyses were performed on
a dilution series to enable efficient detection of small par-
ticles in the presence of larger ones. Dilution-corrected
concentrations were observed to vary with dilution (see
Supporting Figure S3); for estimating doses in biological
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experiments, concentrations were determined at dilu-
tions corresponding to approximately 10 particles/frame,
which is the lower limit of the range recommended by
the instrument manufacturer. At these conditions, par-
ticle concentrations after laser ablation and without fur-
ther concentration processing were measured as (6.3 +
2.1)x10' particles/mL for PP, (3.2 + 0.7)x10'° particles/
mL for HDPE, and (4.3 + 1.0)x10'° particles/mL for PET.
Importantly, as dilution increased and the number of
detected particles decreased, the measured particle size
remained consistent, provided the particle count per
frame was within the instrument’s specified range of (10
to 100) particles/frame.

Using NTA, the average number-weighted particle
diameters were (105+15) nm for PP, (115+18) nm for
HDPE, and (126 + 24) nm for PET. The smaller sizes com-
pared to DLS are expected, as intensity-weighted PSDs
are biased toward larger particles. Indeed, if we perform
a simple conversion of the DLS-generated intensity-
weighted PSD to a number-weighted PSD, ignoring the
challenges of polydispersity and assuming a spherical
particle shape, we find that the number-based PSDs mea-
sured using DLS and NTA agree satisfactorily well (see
Fig. 2b for PP data, Supporting Figure S1b for HDPE,
Supporting Figure S2b for PET).

In the DLS number-weighted distribution of PP (see
Fig. 2b), a shoulder is observed below 50 nm. For both
DLS and NTA, we expect that the smallest particles are
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Fig. 2 Physical characterization of PP nanoplastics. (a) intensity-weighted PSD measured using DLS (b) number-weighted PSD measured using NTA (left
axis) and DLS (right axis). NTA distribution has been corrected for dilution. (c) Representative AFM image of PP nanoplastics (d) Height distribution of PP
nanoplastics characterized using AFM (e) Equivalent diameter distribution of PP nanoplastics characterized using AFM (f) Aspect ratio of PP nanoplastics.
Aspect ratio taken as diameter/height. Equivalent data for HDPE and PET can be found in the SI
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undercounted due to the limited dynamic range in the
instruments. To examine these smallest particles and
assess the shapes of the nanoplastics’ particles, AFM
was used to record the three-dimensional morphol-
ogy of the particles, with a specific focus on the small-
est objects that light scattering techniques may miss (see
Fig. 2¢, Supporting Figure Slc, Supporting Figure S2c,
for detailed measurement protocol, see Methods). Here,
we illustrate the results with PP fabricated nanoplastics
(Fig. 2d-f); results for HDPE and PET can be found in the
SI (Supporting Figure S1, S2). The particles have irregu-
lar shapes and span a wide size range. Given the discoidal
morphology of the smaller particles, the circle-equivalent
diameter—defined as the diameter of a circle with the
same projected area—was used for size characterization.
Both the particle height (Fig. 2d) and equivalent diam-
eter (Fig. 2e) distributions are skewed with long tails at
higher values. The mean heights and the standard devia-
tion of the height distributions are (2.2 nm, 1.7 nm) for
PP, (17 nm, 16 nm) for HDPE, and (13 nm, 10 nm) for
PET, respectively. The corresponding mean circle-equiva-
lent diameters and the standard deviation of the diameter
distributions of PP, HDPE, and PET are (27 nm, 14 nm),
(34 nm, 27 nm), and (32 nm, 22 nm), respectively. These
results are consistent with fragmentation and weathering
processes, which typically produce asymmetric particles
with broad size distributions.

Based on the discoidal morphology, aspect ratios
(diameter/height) were also calculated (PP: Fig. 2f,
HDPE: Supporting Figure S1f, PET: Supporting Figure
S2f). The mean aspect ratios and standard deviations are
(12.4, 2.1) for PP, (2.1, 0.8) for HDPE, and (2.5, 1.0) for
PET. This observation supports the interpretation of the
strong carbonyl signals observed via IR spectroscopy as
surface-related features; the enhanced surface-to-volume
ratio of the nanoplastics likely contributes to the promi-
nence of these chemical signatures.

Stability characterization

For use in biological systems and as an RM, nanoscale
plastics must be long-term stable against aggregation
and agglomeration. While this can be achieved with sur-
factants and stabilizers, we do not add any exogenous
agents to the dispersions here because those additives are
unlikely to be present in environmental plastics and may
themselves provoke a biological response [39]. Despite
this, we observe them to remain long-term stable. To bet-
ter understand the underlying mechanism of stability, we
measure the zeta-potential of the nanoplastic dispersions
in water. We find that the mean zeta-potential and zeta
deviation (standard deviation of the distribution) values
respectively are (-51.7 + 1.7) mV and (6.3 + 0.6) mV for
PP, (-46.9 + 3.9) mV and (6.8 + 1.5) mV for HDPE, and
(-42.2 £ 0.7) mV and (8.0 £ 0.4) mV for PET, indicating
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highly stable suspensions. This indicated that the plastic
nanoparticles would likely also be stable in cell growth
media. The high surface charge absolute values could
also explain observations in the AFM images that the
particles are well dispersed on the surface with limited
aggregation. The highly negative zeta-potential measured
here is consistent with many other findings for fabricated
nanoplastics [5] but it is unclear how this compares with
environmentally recovered nanoplastics given the rela-
tive dearth of such measurements.

To further examine the stability of nanoplastics under
different conditions, we used tangential flow filtration
(TFF) as a scalable technique to concentrate the particles
to varying levels and found minimal effects on particle
size. For example, using DLS, we find consistent PSDs
for the as-produced and tenfold concentrated PP dis-
persions, with mean particle sizes and corresponding
PSD standard deviations of (269 nm, 163 nm) and (264
nm, 141 nm), respectively. We have also tested the long-
term stability of the nanoplastic suspensions in different
media over the course of two weeks. Using DLS, we have
observed no substantial change in PSD in milli-Q water
over time (see Fig. 3a). To determine the suitability of the
nanoplastics for use in biological testing, we measured
the stability of the suspensions in cell media; here, we use
the same media for cell culture (DMEM supplemented
with 10% FBS). Upon initial loading and using DLS to
monitor the particle sizes, we find that particle diameter
increases for all nanoplastics tested with the mean parti-
cle size and the corresponding standard deviation for PP,
HDPE, and PET equal to (324 nm, 185 nm), (278 nm, 114
nm), and (265 nm, 167 nm), respectively. Importantly,
we find that after the initial change in particle diameter,
the PSDs remain stable over the course of two weeks
(see Fig. 3b-d). This behavior is consistent with limited
aggregation, possibly mediated by the formation of a pro-
tein corona around the particles, which increases object
size while also enhancing stability in the new, high-salt
molarity solution [50, 68, 69]. It should be noted that DLS
is an excellent technique to monitor nanoparticle disper-
sion stability against aggregation since it is most sensitive
to the largest particle within PSD.

For use as a reference material, the batch-to-batch
variation during fabrication should be small and within
a batch the material should be homogeneous. We find
using intensity-weighted DLS for the PP samples that the
mean particle size has a within batch standard deviation
of 12 nm and between batch standard deviation of 12 nm
when assessed across 10 different ampules and up to
three independent replicates for each ampule. For HDPE
the within batch and between batch standard deviations
are 22 nm and 4.5 nm and for PET they are 8.8 nm and
29 nm when assessed across three independent replicates
for each. Additionally, we found that the IR spectrum
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Fig. 3 Stability of nanoplastics in different media. (a) Intensity-weighted PSD of PP nanoplastics in water measured using DLS over the course of two
months. (b-d) Nanoplastics are added to cell media and measured at day 1 (black), day 2 (red), day 3 (blue) and day 15 (green) with results reported using
intensity-weighted PSD from DLS. (b) PSD of PP nanoplastics in media (c) PSD of HDPE nanoplastics in media (d) PSD of PET nanoplastics in media

from each batch was indistinguishable within the
uncertainty of the measurement from the independent
replicates.

Biological characterization: two-dimensional (2D) cell
culture

The effects of MNPs on living organisms are a signifi-
cant societal concern. After exposure to MNPs, there
can be short-term effects, either due to the MNPs them-
selves or other additives and compounds they carry, and
long-term effects due to their accumulation. Moreover,
with long-term accumulation, there is the possibility of
complex biological interactions leading to unexpected
downstream effects that are not immediately appar-
ent from simple cell models. To begin to address some
of these issues and to assess the feasibility of the nano-
plastics we produced for biological screening, we tested
several different biological systems to measure the effects

of nanoplastic exposure. Here we first concentrated the
suspension using TFF with a 10 kDa filter which simul-
taneously removes particles $2 nm in size. After concen-
tration, the particles were resuspended at the appropriate
concentration with no additional filtering. Future work
will examine if particular size ranges are more or less bio-
logically active.

As an initial screening test, cell viability after exposure
to nanoplastics was measured using A549 human lung
adenocarcinoma cells and THP-1 human macrophage
cells using high concentrations of nanoplastics (1 x 10
particles/mL and 1 x 10" particles/mL). A549 is widely
used as an alveolar epithelial (type II) cell line with well-
documented metabolizing and barrier-related functions
[70], while THP-1 is a monocyte that can be differenti-
ated into macrophage like cells that can actively phagocy-
tose foreign particulates and mount an immune response
[71]. Both cell types are frequently used in nanoparticle
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immunotoxicity assays, facilitating evaluation of phago-
cytosis, reactive oxygen species (ROS) generation, and
cytokine release allowing comparative, high-throughput
probing of uptake, viability, oxidative stress, and inflam-
mation in epithelial and immune cells [72]. The con-
centrations of 1 x 10" and 1 x 10 particles/mL were
chosen to represent high and moderate exposures that
elicit measurable cellular responses without complete
cytotoxicity and are not representative of what is com-
monly found in the environment. This is in alignment
with commonly employed concentrations in nanoplastic
cytotoxicity assessments [73]. In addition to laser ablated
particles, we also performed an exposure test for com-
mercially available spherical polystyrene (PS) nanoplas-
tics, since these are widely used in nanotoxicology as a
reference point due to their easy availability and unifor-
mity and may serve as a common point of comparison for
assessing plastic particle induced biological responses.
Specifically, we treated cells with 1 x 10'? particles/mL
of 50 nm PS and carboxylate groups functionalized PS
particles. Consistent with previous findings [50, 74], we
observed no significant effects on cell viability after treat-
ing the cells for 48 h with either laser ablated particles
(Fig. 4a-b) or with the PS spheres (Supporting Figure
S4a). Previous work, however, has shown that nanoplas-
tics can induce elevated levels of intracellular and extra-
cellular ROS that result in oxidative damage, impaired
mitochondrial function and inflammation [75]. Here, we
also find that nanoplastic exposure can lead to increased
ROS levels in both THP-1 and A549 cells. For example,
A549 cells treated with 1 x 10 particles/mL of HDPE
and PP for 48 h showed approximately a 3- and 6-fold
increase in ROS levels compared to controls, respectively
(Fig. 4c¢). Similarly, THP-1 cells under the same treatment
showed 7- and 17-fold increases in ROS for HDPE and
PP nanoplastics, respectively (Fig. 4€). Interestingly, nei-
ther PET nor PS nanoplastics significantly impacted ROS
levels in either cell lines (Fig. 4c, e for PET, Supporting
Figure S4b for PS). This is consistent with previous find-
ings which also observed a minimal effect on cell viability
and ROS generation using laser ablated PET to treat cells
in 2D culture [50]. It has been observed that ROS levels
can start to change from the homeostatic basal levels in
cells within a few hours of appropriate stimulation [76].
Therefore, to evaluate the initiation of ROS production, a
6 h treatment with the highest concentration of 1 x 10'2
particles/mL was conducted. The lower concentration
was excluded because it did not elicit a significant ROS
response compared to the controls (Fig. 4c, e). Interest-
ingly, we find that at 6 h post-treatment, ROS levels
are indeed higher than at 48 h post-treatment for both
HDPE and PP exposure (Fig. 4c-e). A549 cells treated
with HDPE and PP for 6 h experienced 14- and 17-fold
increases in ROS levels, respectively (Fig. 4d). Similarly,
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THP-1 cells treated with the laser-ablated nanoplastics
for 6 h resulted in 22- and 29-fold increases in ROS levels
for HDPE and PP, respectively (Fig. 4f). Similar to the 48
h treatment, no effect on ROS generation was observed
with PET nanoplastic exposure (Fig. 4d, f) at 6 h.

Biological characterization: model organoid

Nanoplastic exposure in the environment can lead to
long-term accumulation and affect an entire organ or
organism [77, 78]. To evaluate the biological response of
more complex tissues to nanoplastic exposure, we uti-
lized a murine intestinal organoid system which has been
previously demonstrated to have an intact lumen and
can be used to help understand inflammatory responses
in model tissues [79]. Organoids with enclosed lumens
were employed to assess epithelial responses to external
nanoplastic exposure. While this configuration does not
directly replicate luminal uptake, it facilitates the study
of barrier integrity, inflammatory responses and oxida-
tive stress following basolateral or paracellular contact,
which can occur in vivo when the epithelial barrier is
compromised [80]. A murine model was selected due to
its ready availability, reproducibility and suitability for
mechanistic and in vivo correlation studies, with epithe-
lial differentiation and stress-response pathways highly
conserved with human intestine [81]. We treated the
murine intestinal organoids with four different concen-
trations (1 x 10'2, 1 x 10%°, 1 x 108, 1 x 10° particles/mL)
of PP, HDPE and PET particles (Fig. 5a). After 5 days of
exposure (day 7 in culture), organoids treated with the
highest concentration of nanoplastics showed a shift in
morphology, characterized by a predominance of smaller
spheroidal structures compared to the controls, which
maintained the typical budding architecture (Fig. 5b)
indicating potential loss of viability. Viability assessment
showed a significant loss of cell viability in the organoids
treated with 1 x 10'? particles/mL concentration of PET
nanoplastics. The organoids treated with the same con-
centration of HDPE and PP only showed a slight trend
towards reduced viability (Fig. 5c), indicating that the
impaired morphology may not be due to loss of viability.
Similar to 2D cell cultures, treatment with PS50 (97%+
4%, n = 3) and PS50-COOH (99%+ 7%, n = 3) showed no
loss of viability in organoids. We also tested the organ-
oids for evidence of increased levels of ROS. Exposure of
gut epithelial cells to nanoplastics can activate NF-kB, a
key regulator of inflammation and oxidative stress. While
this may not be directly fatal to cells, it can lead to sub-
tle structural impairments [75, 82]. In order to assess
the presence of ROS, the levels of H,0O, were quantified,
which revealed significant upregulation of ROS levels
in the organoids treated with the highest concentration
of laser ablated nanoplastics, particularly in the case of
HDPE (12-fold) and PP (23-fold) polymers (Fig. 5d). In
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Fig. 4 Treatment of 2D cell cultures with laser ablated nanoplastics led to

increased ROS generation without affecting cell viability. (a-b) Viability levels

in (@) A549 and (b) THP-1 cells after 48-hour treatments. (c-f) Quantification of ROS levels in: (c) A549 cells after 48-hour treatment. (d) A549 cells after
6-hour treatment. (e) THP-1 cells after 48-hour treatment. (f) THP-1 cells after 6-hour treatment. Values on each graph are shown as mean +SD of three
independent experiments (n=3). Statistical significance was determined with one-way ANOVA. P<0.05 was considered significant. *P < 0.05; **P<0.01;
***P<0.001; ****P<0.0001. Only significant differences are shown in the graphs

contrast, exposure to PS50 at 1 x 10'? particles/mL did
not elicit a ROS response, while carboxylated PS50 only
showed a three-fold increase of ROS (Fig S4c) indicating
that 3D organoids are likely more responsive since we did

not observe any elevated ROS response when 2D cells
were treated with PS50-COOH (Fig S4b). To further vali-
date these findings, the gene expression of Sod1 (super-
oxide dismutase 1), an antioxidant enzyme that catalyzes
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Fig.5 Treatment with laser ablated nanoplastics upregulated ROS levels and genes involved in ROS regulatory enzymes. (a) Schematic representation of
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***P<0.001; ****P<0.0001

the conversion of superoxide radicals to maintain redox
balance, was evaluated [83]. Since the ROS levels for the
organoids treated with lower concentrations of 1 x 108
and 1 x 10° particles/mL were similar to the controls and

the ones treated with 1 x 10'%/mL; they were excluded
from further analysis. Additionally, given the minimal
apparent impact of PS50 and PS50-COOH exposure,
they were also excluded from any further analysis. The
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transcription of SodI was found to be upregulated for all
three laser-ablated polymers (Fig. 5e). This is in agree-
ment with previous work, which has shown that expo-
sure to plastic polymers leads to activation of antioxidant
genes (e.g. SodI) in zebrafish [84].

In the context of environmental toxicants such as
nanoplastics, oxidative stress induced by excess ROS
production plays a role in inflammatory response [75].
In addition to direct oxidative damage, ROS can serve as
key mediators of NF- kB leading to the secretion of pro-
inflammatory cytokines such as TNF-«, IL-1f3 (IL1B) and
IL6 [85—-87]. PP nanoparticulate can lead to elevated lev-
els of ROS leading to induction of inflammatory factors
TNEF-q, IL1B and IL6 and increased instances of cytotox-
icity in murine lungs and A549 cancer cells [87]. Simi-
lar to these findings, the laser ablated nanoplastics also
led to the upregulation of inflammatory factors in the
organoids at the highest tested concentration of 1 x 10'?
particles/mL (Fig. 6a-c). Polymers HDPE and PP lead to
increased transcription levels for both /16 and 1i6 (Fig.
6a, c), while only PP nanoplastic treatments upregulated
Tnf (Fig. 6b). Treatments with PET nanoplastics did not
seem to significantly alter the expression of these inflam-
matory factors (Fig. 6a-c), which is unsurprising since
PET treatment did not substantially affect ROS levels in
either cell culture (Fig. 4c-f) or organoids. (Fig. 5d).

Biological characterization: organoid co-culture

The organoids used in the previous experiments that
were derived via leveraging the Lgr5 +ve intestinal stem
cells do not contain any immune cells [88]. While utiliz-
ing these organoids provided critical insights into the
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response mediated by the epithelial cells of the intestine,
they failed to recapitulate the complex epithelial-immune
interactions observed in vivo [88, 89]. Innate immune
cells, such as macrophages and dendritic cells, play a key
role in sensing and responding to environmental stress-
ors such as nanoplastics [87, 90, 91]. THP1 monocytes/
macrophages can mount an inflammatory response via
the production of IL6 and IL8 when exposed to nanoscale
PS nanoplastics [92] and we found they responded with
significantly increased ROS levels in cell culture (Fig. 4d,
f). Similarly, animal studies with murine models showed
increased alveolar accumulation of immune cells (e.g.
macrophages, neutrophils and lymphocytes), which
resulted in nanoplastic internalizations and increased
ROS and inflammation when treated with PP nanoplas-
tics [87]. In order to recapitulate the interplay of epithe-
lial and immune cells, we adopted a co-culture model
using cell culture inserts, where a monolayer of all the
different epithelial cells derived from intestinal organ-
oids were cultured on one side of the porous insert, while
murine macrophages (RAW?264.7) were seeded on the
opposite side [93] (Fig. 7a). This system allows mimick-
ing the interaction between epithelial and basolateral
immune cells through paracrine communication similar
to intestinal microenvironment in vivo. In addition, this
system allowed modeling luminal exposure of intestinal
epithelial cells as nanoplastics were applied to the apical
compartment to mimic luminal contact while maintain-
ing polarized barrier function and immune communica-
tion across the interface [94].

The co-culture model elicited a higher ROS and inflam-
matory response for all three polymers when compared
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Fig. 6 Treatment with laser ablated nanoplastics induced inflammation in the intestinal organoids. (a-c) Relative fold change of MRNA expression for (a)
116, (b) Tnfand (c) and //6. Values on each graph are shown as mean + SD of three independent experiments (n= 3). Statistical significance was determined
with one-way ANOVA. P>0.05 was considered not significant. *P < 0.05; **P < 0.01; ***P < 0.001; ****P<(0.0001
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against organoids alone (Figs. 5e, 6a-c and 7b-e). Both
Tnf and 1l6 expressions increased greater than two-fold
when exposed to both concentrations of PP; while only
the higher concentration (1 x 10'* particles/mL) elicited
a significant cytokine response (Fig. 7d-e). In the case of
1l1b, both concentrations of all three polymers resulted
in significant upregulation of transcription (Fig. 7c). This
elevated immune response is likely due to elevated ROS
production as indicated by expression of Sod! (greater
than 3-fold) (Fig. 7b). Nanoplastic mediated ROS pro-
duction can be explained by two mechanisms: extracel-
lular and intracellular. Photo oxidative weathering of
nanoplastics can result in chemical alterations that can
facilitate the formation of free radicals, which can inter-
act with atmospheric oxygen to produce secondary poly-
mer alkyl radicals [75, 95]. These extracellular radicals

could give rise to higher levels of ROS after endocytosis
[96]. In addition, immune cells such as macrophages can
identify nanoplastics as foreign particles and engulf them
via endocytosis in an attempt to neutralize them [97-99].
During this process, ROS are generated in fairly high
quantities as products of NADPH-oxidase or other enzy-
matic reactions in the form of superoxide and hydrogen
peroxide, which can result in elevated levels of cytokine
secretion. These intracellular ROS produced by macro-
phages, along with extracellular ROS introduced by the
laser-ablated nanoplastics, likely account for the elevated
levels of ROS in the co-culture model.
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Discussion

To understand the effect plastic waste has on living crea-
tures and the environment, it is necessary to have materi-
als that mimic the plastics found in the environment. To
this end, many previous works have demonstrated pos-
sible routes to establishing RMs for nanoplastics; [4—6]
however, these materials are not currently widely avail-
able or accessible for performing comparisons. Ideally,
these different approaches could be compared against
each other and with materials recovered from the envi-
ronment to better understand which features of MNPs
are most prominent in affecting different living organ-
isms. For example, PET nanoparticles have been previ-
ously created using nanosecond laser ablation and tested
on living cells [50, 51]. Those particles were found to
have a minimal effect on cell viability in 2D culture, but
did change metabolomic markers. The previously created
PET nanoparticles are similar in size to the ones we have
fabricated here and seem to share other similar physi-
cal characteristics (highly negative zeta potential and
increased oxygen content). Our findings that cell viability
and ROS production for 2D cells in culture are minimally
affected are also consistent with their findings [50]. It is
harder to compare our findings that the PET nanopar-
ticles do produce changes in organoid and co-culture
models versus the findings by Margi et al. that metabolo-
mics are altered in 2D cell culture [51].

It is also unclear how to compare our findings that PP
and HDPE nanoparticles have a more pronounced effect
on the biological systems we tested than PET nanopar-
ticles. It is conceivable that UV nanosecond laser ablation
could be used to create such nanoparticles. Still, the high
temperatures involved and the inconsistent scaling of the
laser power needed for ablation of different plastics make
it challenging to predict the end product [100, 101]. By
contrast, other approaches to RM production could allow
for comparisons, although these are potentially fraught,
given the wide range of outcomes observed depending on
the cell type and particle manufacturing method used. To
truly address these issues, candidate RMs must be made
available to others so that fair comparisons can be per-
formed. The nanoscale PP used in the present study is
now available to others [55] and we expect the nanoscale
HDPE and PET to likewise be made available in the
future.

Conclusion

Microplastics and nanoplastics are of increasing societal
concern, having been detected across nearly all envi-
ronmental compartments worldwide. However, their
detection and quantification remain challenging, often
hindered by contamination from sampling tools and the
complex matrices that obscure plastic-specific signals.
These challenges are compounded by the tendency of
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environmental plastics to associate with other materi-
als that further mask their presence. While some studies
have found an association between the presence of MNPs
in the body and poor health outcomes, establishing any
causative relationship remains elusive.

In this study, we developed a universal laser-based
approach to fabricate nanoscale plastic RMs that repro-
duce the key chemical features of environmentally aged
plastics. The materials exhibit discoidal shapes, remain
stable over the long term in aqueous environments, and
are readily suitable for biological assessments. More-
over, they elicit pro-inflammatory responses consistent
with previous observations, supporting their utility as
comparative standards for future studies. These results
demonstrate the potential of such materials as realistic
benchmark RMs for both analytical and toxicological
studies. By providing reproducible and well-character-
ized mimics of environmental nanoplastics, this work
lays the foundation for improving detection reliabil-
ity, enabling cross-method comparability, and advanc-
ing understanding of the biological and environmental
impacts of plastic exposure.

Materials and methods

Fabrication of nanoplastics

All nanoplastics were synthesized using the same appa-
ratus. For laser ablation, a short-pulse laser with a pulse
length of 200 fs, center wavelength of 1030 nm, aver-
age power of 1.4 W and repetition rate of 200 kHz
(Carbide, Light Conversion, Lithuania) and mode size
of 8 mm was used. The light was sent to a set of galvo
mirrors (GVS012, Thorlabs, USA) and focused using a
110 mm telecentric lens (LSMO05-BB, Thorlabs, USA).
Under these conditions, the focal spot is approximately
25 um, giving a peak intensity at the focus of ~7 TW/
cm? The total scan area was approximately 177 mm?
For machining, the focus was moved in a spiral pattern
across the surface. The scan speed was set to ensure that
each laser shot had ~50% spatial overlap with the pre-
vious one, allowing machining to occur at the edge of
the multi-shot regime while minimizing heating. Plas-
tic was secured inside a glass cuvette filled with Milli-Q
water and the water was exchanged continuously with a
500 mL bath. The cuvette was mounted on a computer-
controlled stage, moving along the optic axis of the tel-
ecentric lens. For the PP and HDPE, the stage was moved
12 pm every 60 min and for the PET, the stage was moved
12 pm every 30 min. A typical batch was collected over a
period of 72 h with ~140 mg of PP removed, ~110 mg
of HDPE removed, and ~ 330 mg of PET removed during
that time period. After collection, the nanoplastic solu-
tion was then filtered through a 2.7 um glass microfiber
membrane (Whatman, 1823-047) to remove any large
particles before further characterization. For cell culture
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experiments, the suspensions were concentrated using
TFF with a 10 kDa filter. After concentration, the par-
ticles were resuspended at the appropriate concentration
with no additional filtering.

Commercial plastics

PP (PP30-SH-000155), HDPE (ET32-SH-000300) and
PET (ES30-SH-000150) stock materials were acquired
from Goodfellow.

50 nm polystyrene (PS50, Polysciences, 08691-10) and
50 nm polystyrene particles functionalized with carbox-
ylate (PS50-COOH, Polysciences, 15913-10) were pur-
chased and used without other alteration.

Infrared (IR) analysis
Attenuated total reflectance (ATR) Fourier-transform
infrared spectroscopy (FTIR) spectroscopy on bulk plas-
tics was performed using a Bruker Hyperion II FTIR
microscope with a 20x ATR objective with a Ge ATR ele-
ment. An adjustable aperture limits the spectral accumu-
lation to an area of 30 um x 30 um. FTIR measurements
were performed from 600 cm™ to 4000 cm™ at a resolu-
tion of 4 cm™! with a coaddition of 32 scans.

FTIR microscopy on nanoplastics was performed using
a Bruker Hyperion II FTIR microscope, with a 15x/0.4
NA (or 36x/0.52 NA) objective and a liquid-nitrogen-
cooled MCT detector. An adjustable aperture was used
to limit the observed area to 50 pum x 50 pm. FTIR mea-
surements were performed from 600 cm™ to 4000 cm™ at
a resolution of 4 cm™ with a coaddition of 128 scans.

Dynamic light scattering (DLS)

Particle size and zeta potential (ZP) were characterized
using Zetasizer Nano ZS (Malvern Panalytical, UK).
Samples were measured at 25 °C. Typically three size
measurements were conducted for each sample with
21 runs, each lasting 10 s. PSD were determined using
default parameters and the general-purpose model.

Zeta Potential measurements were conducted using
the DTS1070 folded capillary zeta cell with as produced
dispersions. For each sample, 3 measurements with
minimum 50 runs and no delay between measurements
were performed. The measurements were analyzed
using the general-purpose mode with the Smoluchowski
approximation.

Nanoparticle tracking analysis (NTA)

Nanoparticle tracking analyses were conducted using
NanoSightPro (Malvern Panalytical, UK) with samples
diluted using Milli-Q water accordingly to observe
between 10 and 100 particles per frame. For each
measurement, 10 sequential videos were recorded
with automatic camera settings. Final concentration
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measurements were calculated taking into account dilu-
tion before measurement.

Atomic force microscopy (AFM)

AFM height/topography images were recorded using
NanoWizard II BioAFM (JPK Instruments, Berlin,
Germany) mounted on an Olympus IX81 inverted
microscope. HQ: XSC-11/Al BS tips (Cantilever C, Mik-
roMasch, CA, USA) with a typical spring constant of ~
7 N/m and a resonance frequency of ~ 155 kHz were
used for images captured with a JPK atomic force micro-
scope. Samples for AFM were made by spin-coating 200
pL laser ablated dispersions onto freshly cleaved 1-inch
by 1-inch squares of mica substrate at 1000 rpm for 60 s
with a pre-incubation time of 10 min. The dispersion was
concentrated to 10 times its initial level using a KrosFlo
KR2i TFF system (Repligen) and then diluted three-fold
for spin-coating. Following some preliminary scans of
50 um by 50 pm for sample overview, multiple areas of
2.5 pm by 2.5 pm and 5.0 um by 5.0 um were recorded
with a 1024 pixel x 1024 pixel resolution and a scan rate
of ~1 Hz. Data were analyzed using Gwyddion.

Cell culture

Experimental cells were kept in liquid nitrogen prior
to cell seeding. Human lung carcinoma epithelial cells
(A549 cells) (ATCC, CRM-CCL-185) and human leuke-
mia monocytic cells (THP-1 cells) (ATCC, TIB-202) and
mouse macrophage (RAW 264.7, ATCC, TIB-71) were
maintained in 2D monocultures. All the cells used in
these experiments were between passage number 8 and
16. A549 and RAW 264.7 cells were cultured in DMEM
media (36250, StemCell Technologies) with 10% FBS
(A5209502, ThermoFisher Sci.) and 1% penicillin/strep-
tomycin (P/S, 15140122, ThermoFisher Sci.). THP-1 cells
were cultured using RPMI-1640 media (36750, Stem-
Cell Technologies) supplemented with 10% FBS and
0.05mM 2-mercaptoethanol (M3148, SigmaAldrich).
When plated, THP-1 cells received 50 ng/mL of phor-
bol 12-myristate 13-acetate (PMA) to induce differen-
tiation into macrophages [102]. All RMPI-1640 media
changes and plastic treatments included the same PMA
concentration.

Murine small intestinal organoid culture

Mouse small intestinal organoids (70931, StemCell Tech-
nologies) were cultured in Mouse IntestiCult™ growth
media (06005, StemCell Technologies) as previously
reported [79]. Briefly, around 200 mouse organoids were
resuspended in 50 pL of cold Matrigel® Growth Factor
Reduced Basement Membrane Matrix (356231, Corn-
ing) and dispensed at the center of a well of 24-well plate,
which has been pre-warmed at 37 °C for at least 1 h.
After 5 min at room temperature, the plate is transferred
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and incubated upside down at 37 °C and 5% CO, in a tis-
sue culture incubator. The well is then topped up with
500 pL of media and cultured for 4 days. Cultures were
maintained at low passage numbers (< 10).

Murine organoid and macrophage co-culture

Intestinal organoids were cultured in Matrigel domes for
7 days and then dissociated in single cells using Gentle
Cell Dissociation Reagent (100-1077, StemCell Tech-
nologies) and trypsin. These cells were resuspended
in Human IntestiCult™ growth media (06010, Stem-
Cell Technologies) supplemented with 10 uM Y-27,632
(72308, StemCell Technologies) and seeded on Costar®
6.5 mm Transwell®, 0.4 um Pore Polyester Membrane
Inserts (38024, Stem Cell Technologies). Once the cells
reached confluency, monolayers seeded on cell culture
inserts were inverted and placed into an empty 12-well
plate. A 20 pL suspension containing 100,000 RAW 264.7
cells was added onto the bottom surface of the inserts
and allowed to adhere for 2 h at 37 °C in 5% CO,. The
inserts were then returned to their original position
into a 24-well plate and cultured in Human IntestiCult™
growth media. For nanoplastic treatments of co-cultures,
plastic solutions were added to the top/apical side of the
cell culture inserts only.

Viability assessment

A549 and THP-1 cells were seeded on separate 96-well
plates and cultured for 24 h at a concentration of 10,000
cells per well to allow adhesion. Then, all cells were
treated with 1x10' and 1x10'? particles/mL of PET,
HDPE and PP at 37 °C. For PS50 and PS50-COOH, only
the highest concentration of 1x10'* particles/mL was
utilized. As the nanoplastics were suspended in water, the
media for the control group received the same volume of
MilliQ water as the highest concentration (1 x 10'? par-
ticles/mL) group.

For organoids, approximately 50 intestinal organoids
were resuspended in 10 puL Matrigel dispensed into the
center of each well of a 96-well plate and allowed to gel
for 30 min at 37 °C. They were then treated with laser
ablated nanoplastic solutions of 1x10°% 1x10% 1x10%
and 1x10'? particles/mL concentration. For PS50 and
PS50-COOH, only the highest concentration of 1x 10'2
particles/mL was utilized.

After 48 h of exposure, the media was replaced with
FBS and plastic-free media (DMEM for A549 and RPMI-
1640 for THP-1), and cell viability was determined using
CellTiter-Glo assays (G9241, Promega) as per the manu-
facturer’s instructions.

Measurement of reactive oxygen species (ROS) levels
The reactive oxygen species (ROS) levels were deter-
mined utilizing ROS-Glo H,0, Assay (Promega, G8820).
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Similar to the viability assays, A549 and THP-1 cells
were seeded on 96-well plates for 24 h at concentrations
of 10,000 cells per well, and organoids were seeded at a
concentration of 50 organoids/well, then treated with
nanoplastics for 6-48 h depending on the experiment.
As per the ROS-Glo H,0, Assay protocol, an H,O, sub-
strate was added during the last 6 h of incubation. This
substrate was added using fresh cell line specific media
without FBS and plastics to reduce background signals.
The ROS assay process was conducted as per the manu-
facturer’s instructions.

Reverse transcription quantitative polymerase chain
reaction

Organoids and organoid-macrophage co-cultures were
treated with 1x10' and 1x10'? particles/mL of plas-
tic solutions in 24-well plates. After 48 h of incubation,
the organoids and co-culture monolayers were washed
with phosphate buffered saline (PBS) before being lysed
for RNA extraction. RNA was isolated using RNeasy
Mini Kit (Qiagen, 74104) and RT-qPCR was carried out
with Power SYBR Green RNA-to-CT 1-Step Kit (Ther-
moFisher Scientific, 4389986). The expression levels of
Sodl (QT01762719, Qiagen), Tnf (QT00104006, Qia-
gen), I/1b (QT01048355, Qiagen) and /6 (QT00098875,
Qiagen) genes were normalized to reference gene Gapdh
(QT01658692, Qiagen). Relative expression was deter-
mined using the AACt method. The statistical analysis
was performed on ACt values.

Statistical analysis for biological characterization

All the results described here are from at least three inde-
pendent experiments. Data were analyzed using Graph-
Pad Prism 8 software. A one-way analysis of variance
(ANOVA) was conducted for more than two groups,
followed by a post-hoc test and adjustment for multiple
comparisons. A value of p<0.05 was set as the limit of
statistical significance.

Abbreviations

AFM Atomic force microscopy

ATR Attenuated total reflectance
DLS Dynamic light scattering

FTIR Fourier-transform IR

HDPE  High-density polyethylene
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MNP Micro and nanoplastic

NTA Nanoparticle tracking analysis
PET Polyethylene terephthalate

PP Polypropylene

PSD Particle size distribution
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RM Reference material

ROS Reactive oxygen species
Sod1 Superoxide dismutase 1

TFF Tangential flow filtration
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